Two recently proposed anisotropic rate-dependent models are used to simulate the consolidation behaviour of two soft natural clays: Murro clay and Haarajoki clay. The ratedependent constitutive models include the EVP-SCLAY1 model and the Anisotropic Creep Model (ACM). The two models are identical in the way the initial anisotropy and the evolution of anisotropy are simulated, but differ in the way the rate-effects are taken into consideration. The models are compared first at the element level against laboratory data and then at boundary value level against measured field data from instrumented embankments on Murro and Haarajoki clays. The numerical simulations suggest that at element the EVP-SCLAY1 model is able to give a better representation of the clay response under oedometric loading than ACM, when the input parameters are defined objectively. However, at boundary value level the issue is not as straightforward, and the appropriateness of the constitutive model may depend heavily on the in situ overconsolidation ratio (OCR).
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3 independent S-CLAY1 model (Wheeler et al. 2003) . Similarly to the S-CLAY1 model, it is assumed that due to subsequent loading that produces irrecoverable strains, there is an evolution in the orientations of these surfaces as a function of irrecoverable volumetric and shear strain increments. As demonstrated by Karstunen and Koskinen (2008) , this offers a simple way to represent extremely well the evolution of anisotropy for reconstituted clays.
When combined with a destructuration law, it can be extended to account for the large strain behaviour of natural clays (Karstunen and Koskinen 2004; Karstunen et al. 2005 ).
In the case of the EVP-SCLAY1 model (Karstunen and Yin 2010) , this boundary surface is called a static yield surface [see Fig. 1 (a)], and it is assumed that no rate-dependent behaviour occurs when the stresses are within the surface. This basically means that there is a threshold value of effective stresses which needs to be exceeded before rate-dependent behaviour starts, as discussed by Qu et al. (2010) . In contrast, in the ACM model, the boundary between the large irrecoverable strains and the relatively small strains is called The incremental viscoplastic strains in the EVP-SCLAY1 model (Karstunen and Yin 2010) can be calculated as
where is referred to as the fluidity parameter; < > are McCauley brackets; N is the strainrate coefficient relating to the strain-rate effect on shear strength and preconsolidation pressure. N and are therefore the key parameters controlling the viscoplastic strain-rate.
Symbols and represent the size of the dynamic loading surface and the static yield . Therefore, by comparing Eqs. (1) and (2), it becomes clear that with ACM creep strains will be predicted even at overconsolidated range, in contrast to EVP-SCLAY1, whilst both models relate the actual creep rate somehow to the relative sizes of the respective surfaces shown in Fig. 1 .
The advantage of ACM over EVP-SCLAY1 is that it is possible to derive the required soil constants for ACM directly from the experimental tests, whilst the viscosity coefficients of the EVP-SCLAY1 require calibration, as shown by Karstunen and Yin (2010) . Both models have been implemented in the Plaxis 2D and 3D finite element code as user-defined soil models, hence enabling the use of the models both at element level and boundary value level.
Determination of Model Parameters
The EVP-SCLAY1 and ACM models involve a number of soil constants and state variables that can be classified in three groups, as follows: value (lateral earth pressure at rest, estimated by Jaky's formula) and the initial vertical effective stress.
-Parameters describing initial anisotropy and its evolution include soil constants (rate of rotation of the surfaces) and (relative rate of surface rotation). The latter can be theoretically derived based on M values (see Wheeler et al. 2003 for details).
Furthermore, the initial values of the fabric tensor describing the anisotropy of the fabric (i.e. the arrangement of particles and particle contacts) need to be defined. For deposits which have experienced 1D consolidation under their self-weight without significant erosion or unloading, it can be assumed that the fabric is initially crossanisotropic. In this special case, the components of the fabric tensor can be calculated using a scalar value , which similarly to is theoretically simply a function of M (see Wheeler et al. 2003 for details).
-Parameters describing viscosity require the input of two viscosity coefficients. These are soil constants N (strain rate coefficient) and (fluidity coefficient) for EVP-SCLAY1 (see Karstunen and Yin 2010 for details), and * (modified creep index) and (reference time, which is linked to the definition of vertical preconsolidation stress)
for ACM (see Leoni et al. 2008 for details).
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Although these models have a relatively large number of parameters, most of them have a clear physical meaning, and hence they can be determined in a relatively straightforward manner (Karstunen and Yin 2010).
Model Parameters for Murro and Haarajoki Clays
Murro clay (Koskinen et al. 2002 ) is a 23 m thick sulphide-rich silty clay deposit located near the town of Seinäjoki in Finland that has been a subject of many studies (see e.g. Koskinen et al. 2002; Karstunen and Koskinen 2004; Karstunen et al. 2005 ; Karstunen and Yin 2010) due to a well-instrumented test embankment, built in 1993, and extensive programmes of specialist laboratory testing. The deposit can be roughly divided into two main layers: a 1.6 m thick overconsolidated dry crust and an underlying thick layer of almost normally consolidated soft clay. The most compressible layers are at depths between 1.6 and 7 m, which is the focus of the element-level tests presented in this paper. Murro clay is highly anisotropic with regards of yielding, as demonstrated by the yield points in the plane in Fig. 2 . Murro clay is moderately sensitive, with sensitivity around 6-14.
Haarajoki in the Southern Finland is the location of an instrumented embankment forming a noise barrier, which was the subject of an international competition organized by the Finnish National Road Administration (FinnRA 1997) . Half of the 100m long embankment has been constructed on the natural clay, whilst the rest of the embankment is on vertical drains. In contrast to Murro clay, Haarajoki clay is lightly overconsolidated, with an estimated vertical pre-overburden pressure >30 kPa. The deposit can be characterized by a high degree of anisotropy and some apparent interparticle bonding, with sensitivity varying from almost zero a the surface to over 50 at a depth of 15 m (Yildiz et al. 2009b et al. 2003) or by using the alternative semi-empirical formulations suggested by Zentar et al. (2002) , Leoni et al. (2008) and Yin et al. (2011) . As discussed by Karstunen and Yin (2010) , the simulations are rarely sensitive to the value of ω at boundary value level.
-By using the value of C αe (creep index) measured from conventional 1-day loading oedometer tests on intact clay samples, the values for for the ACM model can be calculated (Leoni et al. 2008) . This may sound straight-forward, but the interpretation Submitted May 22, 2012; accepted October 30, 2012; posted ahead of print November 3, 2012 . doi:10.1061 /(ASCE)GM.1943 Copyright 2012 by the American Society of Civil Engineers M a n u s c r i p t
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8 can be difficult in the case of highly sensitive clays, when the creep index is not a soil constant (see e.g. Yin et al. 2011 ).
-The values for N and for EVP-SCLAY1 model cannot be determined directly from the experimental data. They can be calibrated by simulation of oedometer test results (see Karstunen and Yin 2010) , and by their nature they are not necessarily unique.
However, based on the authors' experience, the non-uniqueness is not an issue when boundary value problems such as embankments on soft clay are considered, as the predicted results with different, but yet appropriate, parameter combinations for a given clay are from practical point of view the same.
-The permeability, , is obtained from conventional 1-day loading oedometer tests on intact samples and is assumed to be the same in vertical and horizontal directions. 
Simulations of Element Level Tests
The element level tests that are considered in this paper are conventional 1 day oedometer tests on Murro and Haarajoki clays. Modelling 1D compression tests has been performed by simulating conventional oedometer experiments with Plaxis 2D 2010, and using EVP-SCLAY1 and/or ACM as the user defined soil model to represent the material behaviour. predictions, in a way that no attempt has been made to create a best possible match, and the values of the input parameters (see Table 1 ) are exactly the same as used further on in the corresponding layer at the boundary value level. Therefore, the soil constants have been determined independently of the test that is being modelled. For all loading stages simulated,
EVP-SCLAY1 appears to give better predictions than ACM.
In Fig. 4 , similar predictions have been made for Haarajoki clay, considering two different load increments at each depth. Here the results are not as conclusive: for most stress levels and depths, EVP-SCLAY1 appears to give better prediction than ACM, but at a depth of 6.35 m and 17.22 m, ACM gives better predictions than EVP-SCLAY1 for the vertical effective stress levels of 108kPa and 330kPa, respectively. In the following, the models are compared at boundary value level. Of course, it would be possible to get a better match with ACM model by e.g. increasing POP or OCR, reference time or indeed change the values for the soil constants, in order to manipulate value of the creep exponent. That however, would be curve fitting rather than exploring objectively the model's predictive ability.
Simulations of Murro Test Embankment
In order to study model performance at boundary value level, 2D finite element simulations However, in the field, the horizontal movement develop more slowly than predicted by the rate-dependent models. Under the crest of the embankment, the location of the maximum horizontal movement is not well-predicted, whilst under the toe the depth is predicted with good accuracy.
Simulations of Haarajoki Embankment
Haarajoki test embankment is 2.9 m high and 100 m long embankment, with slope gradient 
Conclusions
The paper presents a comparison of two anisotropic rate-dependent models, ACM (Leoni et al. 2008 ) and EVP-SCLAY1 (Karstunen and Yin 2010). Both rate-dependent models are able to account for initial anisotropy and the evolution of anisotropy in a similar manner, M a n u s c r i p t
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12 analogous to the S-CLAY1 model (Wheeler et al. 2003) . However, they have differences in the mathematical formulations for calculating the creep strain rates. Simulations were done both at element level (1 day oedometer tests) and at boundary value level for Murro and Haarajoki clays. Based on the results, the EVP-SCLAY1 model that is an overstress model, is able to yield good predictions both at element level and at boundary value level in particular for the case of Murro test embankment on almost normally consolidated clay. In contrast, ACM was severely overpredicting both vertical and horizontal deformations at Murro, as unrealistic vertical deformations were triggered outside the embankment area due to the in situ stresses only. In the case of Haarajoki embankment the results were inconclusive: EVP-SCLAY1 was underpredicting deformations, whilst ACM was overpredicting them.
However, the field measurements at Haarajoki are influenced by the section of the embankment that was founded on vertical drains (see Koskinen et al. 2002) . Therefore, the embankment would need to be remodelled in 3D to take that effect into account.
The analyses presented in the paper ignored the effects of apparent bonding and destructuration for the sake of simplicity. 
Appendix A. Model Formulations
In the following, compression has been assumed as positive, following the geotechnical tradition.
Formulation of EVP-SCLAY1 Model
The constitutive model EVP-SCLAY1 (Karstunen and Yin 2010) is based on the overstress theory of Perzyna (Perzyna 1963) and the elasto-plastic model SCLAY1 (Wheeler et al. 2003) . According to Perzyna's overstress theory, the total strain rate is additively composed of the elastic strain rates and viscoplastic strain rates
where denotes the (i,j) component of the total strain rate tensor, and the superscripts e and vp stand, respectively, for the elastic and the viscoplastic components. The elastic behaviour 
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14 in the proposed model is assumed to be isotropic in a similar way to the Modified Cam Clay model (Roscoe and Burland 1968 ).
An elliptical surface, relating to the current state of preconsolidation, is adopted as the static yield surface (a2) where is the deviatoric stress tensor , with Kronecker's delta ; is the mean effective stress; is the deviatoric fabric tensor, a dimensionless vector with the same form as the deviatoric stress vector (Wheeler et al. 2003) ; M is the slope of the critical state line. For the special case of a cross-anisotropic sample in triaxial stress space, the scalar parameter defines the inclination of the ellipse of the yield curve in the plane as illustrated in Fig. 1(a) . The dynamic loading surface has an identical shape, but a different size [see where is referred to as the fluidity parameter; < > are McCauley brackets; N is the strainrate coefficient relating to the strain-rate effect on shear strength and preconsolidation 0 : 2 The expansion of the static yield surface, which represents the kinematic hardening of the material, is assumed to be due to the viscoplastic volumetric strain rate , similarly to the critical state models (a5) where is the slope of the normal compression curve in the plane, is the slope of the swelling line and e is the void ratio.
The rotational hardening law that controls the development or erasure of anisotropy caused by viscoplastic strains, is defined based on the formulation proposed by Wheeler et al. (2003) . Both volumetric and deviatoric viscoplastic strains influence the rotation of the yield surface (a6)
where dots again refer to rates. In the above is the tensorial equivalent of the stress ratio defined as , and d are additional soil constants that control, respectively, the absolute rate of the rotation of the yield and loading surfaces toward their current target values, and the relative effectiveness of viscoplastic volumetric and deviatoric strains in rotating the yield and loading surfaces and is the viscoplastic deviatoric strain rate. 
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Formulation of ACM Model
In the ACM model the total strain rate is additively composed of the elastic strain rates and (irrecoverable) creep strain rates, using superscript c to denote creep 3 2 : Field data from Yildiz et al. (2009b) International Journal of Geomechanics. Submitted accepted October 30, 2012; posted ahead of print November 3, 2012 . doi:10.1061 /(ASCE)GM.1943 Copyright 2012 by the American Society of Civil Engineers Accepted Manuscript Not Copyedited
